Abstract-Many parasitic wasps that exploit herbivores as their hosts make use of herbivoreinduced plant odours to locate their victims and these wasps often exhibit an ability to learn to associate specific plant-produced odours with the presence of hosts. This associative learning is expected to allow generalist parasitoids to focus on cues that are most reliably associated with current host presence, but evidence supporting this hypothesis is ambiguous. Using a sixarm olfactometer we compared the responses of three generalist larval endoparasitoids, Cotesia marginiventris (Hymenoptera: Braconidae), Microplitis rufiventris (Hymenoptera: Braconidae) and Campoletis sonorensis (Hymenoptera: Ichneumonidae), to the induced odours of three plant species: maize (Zea mays), cowpea (Vigna unguiculata), and cotton (Gossypium hirsutum). We tested the responses of naïve females as well as of females that were first conditioned by parasitising host larvae feeding on one of the plant species. Despite similarities in biology and host range the three wasp species responded entirely differently. Naïve C. marginiventris and C. sonorensis chose equally among the induced odours of the three plants, whereas naïve M. rufiventris, which may have a somewhat more restricted host range, tended to prefer the odour of maize. After conditioning, most C. marginiventris females chose the odour of the plant species that they had experienced, but conditioned M. rufiventris showed an even stronger preference for maize odours, independently of the plant they had experienced. Cotesia sonorensis did not show any change in its preference after conditioning. We speculate that its extremely broad host range allows C. sonorensis females to use fixed responses to cues commonly associated with plants damaged by Lepidoptera. These results imply that different generalist parasitoids may employ different foraging strategies and that associative learning is not necessarily part of it.
INTRODUCTION
Many parasitoids of herbivores use plant odours induced by insect feeding to locate plants that may carry their hosts (Vet and Dicke, 1992; Turlings and Benrey, 1998) . Associative learning of the most reliable volatile cues may help the wasps to find such plants more efficiently (Turlings et al., 1993; Vet et al., 1995) . Parasitoids can learn to associate a specific odour with a successful oviposition in a host or contact with host faeces. This ability to learn is generally expected to be an adaptive strategy for parasitoids that have a broad host range or which can find their hosts on multiple plant species (Vet and Groenewold, 1990; Vet and Dicke, 1992; Vet, 1999; Steidle and van Loon, 2003) . Indeed, generalist parasitoids are often found to exhibit this learning ability, whereas there is a tendency for parasitoids with a more restricted host range (or a limited range of plants on which they find hosts) to show genetically fixed responses to host location cues (Steidle and van Loon, 2003) . The general validity of the concept, however, is still unclear (Steidle and van Loon, 2003) . More insight may be obtained by comparing the effect of experience in multiple generalist parasitoid species under similar conditions. This was the aim of the current study, which compares the responses of naïve and conditioned females of the three generalist parasitoids Cotesia marginiventris Cresson (Hymenoptera: Braconidae), Microplitis rufiventris Kok. (Hymenoptera: Braconidae) and Campoletis sonorensis Cameron (Hymenoptera: Ichneumonidae) to host-induced plant odours.
Cotesia marginiventris and C. sonorensis have been extensively studied for their abilities to make use of plant odours to locate their hosts and for their ability to learn such odours. Dmoch et al. (1985) showed that a contact experience with host and/or host by-products enhances the responses of C. marginiventris females to frass, silk and feeding damage of one of its hosts, Spodoptera frugiperda (Lepidoptera: Noctuidae), on maize leaves. For long-range host finding, C. marginiventris relies primarily on volatiles emitted by plants after an attack by caterpillars Turlings et al., 1991) . The intensity with which they respond to the plant-provided signals depends on previous experiences and they learn to prefer the odours they encounter in the presence of hosts Hoballah and Turlings, 2005) .
Campoletis sonorensis is a solitary parasitoid that co-occurs with C. marginiventris and shows a great overlap in the range of host species it attacks (Hoballah et al., 2004) . Studies on the flight behaviour of C. sonorensis have shown that it orients to microhabitat cues without requiring a prior experience with host or microhabitat stimuli (Elzen et al., 1986; Baehrecke et al., 1990) . McAuslane et al. (1991) found that C. sonorensis females that were given an oviposition experience in host larvae on a particular plant were subsequently more responsive in flight tunnel assays than naïve females. However, such experiences with a host-plant complex did not change the wasps' innate preference for a particular plant odour, suggesting that C. sonorensis does not learn to associate specific odours with host presence (McAuslane et al., 1991) .
Studies on M. rufiventris have mostly focused on its physiology and development (Altahtawy et al., 1976b; Hegazi et al., 1977; Tawfik et al., 1980; Hegazi and Shabaan, 1984) . From previous studies we know that naïve females of M. rufiventris are also highly attracted to induced maize odours (Hoballah and Turlings, 2005; Tamò, 2006) , but the effect of experience on this behaviour is unclear (Hoballah and Turlings, 2005) . The behaviour of some other Microplitis species has been studied more extensively and indicates a keen ability of each species to learn to respond to host cues by association (Drost et al., 1986; Hérard et al., 1988; Murray and Rynne, 1994) . It is unlikely, however, that the recorded behaviour of a particular species can be extrapolated to other species belonging to the same genus. Different Cotesia species, for example, show clear differences in their responses to host cues (Potting et al., 1997; Geervliet et al., 1998) . Moreover, different Microplitis species have distinctly different host ranges and are therefore likely to have evolved different host searching strategies.
Cotesia marginiventris and C. sonorensis are native to the Americas and M. rufiventris is mainly found in the Middle East, but these three parasitoid species have much in common. They are generalist solitary larval endoparasitoids that attack the early stages of a wide range of Noctuidae species on many different plants. Campoletis sonorensis is an ichneumonid parasitoid with at least 27 species of noctuid larvae recorded as hosts (Lingren et al., 1970) . Cotesia marginiventris, a braconid, also attacks a wide range of noctuid species, many in common with C. sonorensis (Turlings, 1990) . The host range of M. rufiventris, also a braconid, is less well known and may be more restricted. It has been reported to oviposit and successfully develop in young instars of various Spodoptera species and Heliothis armigera on many different crop plants (El-Minshawy, 1963; Hammad et al., 1965; Gerling, 1969; Abou Zeid et al., 1978) .
Many of the hosts of the three parasitoids belong to the genus Spodoptera. Cotesia marginiventris and C. sonorensis can attack S. frugiperda, S. exigua and S. eridania (Lingren et al., 1970; Turlings, 1990), while M. rufiventris attacks S. littoralis, S. litura, S. exempta, S. mauritia, S. latebrosa and S. exigua (Meier, 1929; Thompson, 1946; El-Minshawy, 1963; Hammad et al., 1965; Gerling, 1969; Altahtawy et al., 1976a) . Most Spodoptera species are polyphagous and attack many plant species including important crops like alfalfa, cotton, cowpea, maize, tomato and soybean (Brown and Dewhurst, 1975; Hodge et al., 1983) . Hence, the three parasitoids should be able to locate hosts on a multitude of plant species and can be expected to show similarities in how they forage for hosts. A direct comparison between these species may provide insight into how similar or how variable host searching strategies are among generalist parasitoids.
With this objective, we tested responses of C. marginiventris, C. sonorensis and M. rufiventris to the odours of three different host plants that are readily attacked by Spodoptera larvae, and that can be encountered by the parasitoids in their native habitats. The plant species of choice were maize (Zea mays, var. Delprim), cotton (Gossypium herbaceum) and cowpea (Vigna unguiculata). The caterpillar-induced odours produced by these plants have already been analysed in various studies (Turlings et al., 1991; McCall et al., 1994; Loughrin et al., 1995; Röse et al., 1996; Paré and Tumlinson, 1997; Hoballah et al., 2002) and show distinct differences in quality (composition) and quantity. The preference of naïve females for the induced volatiles of the three plants was compared with the preference of females that had an oviposition experience on one of the plant-host-complexes. During the behavioural assays part of the emitted odours were collected and subsequent analyses made it possible to correlate the observed behavioural responses to the identities and quantities of the volatiles that the wasps perceived in the olfactometer. Females of all three species were found to be strongly attracted to the induced plant odours and as naïve wasps they showed no clear preferences, but their responses after experience were distinctly different.
METHODS

Plants
Three host plants were used for the experiments: maize (Zea mays, var. Delprim), cotton (Gossypium herbaceum) and cowpea (Vigna unguiculata). For each plant species two seeds were planted per pot (200 ml) with fertilised commercial soil (COOP, Switzerland) and placed in a climate chamber (E15 Conviron, Winnipeg, Canada) set at 23
• C, 16 D : 8 L, 60% relative humidity and 50 000 lm/m 2 light intensity. Plants were watered daily. The day before an experiment, two plants of each species were transplanted in glass pots that fit the olfactometer (250 ml, 4.5 cm diam., 11 cm high). Maize and cowpea plants were 8-10 days old and cotton 13-14 days old at day of testing. Plants were induced to emit volatiles by placing 15 2nd instar S. littoralis larvae on them on the evening before an experimental day.
Host larvae
Spodoptera littoralis eggs were supplied by the Syngenta rearing facilities (Stein, Switzerland). After emergence the larvae were reared on a wheatgerm-based artificial diet (also supplied by Syngenta) at room temperature. Spodoptera littoralis larvae at the L2 stage, the preferred stage for female parasitoids of all three species (Altahtawy et al., 1976b; Isenhour, 1985; Jalali et al., 1987) , were used in experiments.
Parasitoids
The rearing strain of C. marginiventris came from the USDA-ARS, Biological Control and Mass Rearing Research Unit (Mississippi, USA) and was refreshed with individuals collected in Mexico in 2001. The M. rufiventris colony was established in 2000 from individuals collected from parasitised S. littoralis larvae in fields in Egypt (Alexandria). The C. sonorensis colony was established in 2001 from individuals collected from parasitised S. frugiperda larvae in maize fields in Mexico (Poza Rica, Veracruz). All parasitoids were reared on Spodoptera littoralis (Noctuidae: Lepidoptera). For the rearing, 25 S. littoralis caterpillars were offered to two mated females (4-7 days old) for 3-4 h in a plastic container (9.5 cm diam., 5 cm high). The parasitised caterpillars were then maintained in groups of 100 individuals in transparent plastic boxes (15 × 13 × 5.5 cm) on the wheatgerm-based artificial diet (supplied by Syngenta) until cocoon formation. Cocoons were kept in Petri dishes until adult emergence. Upon emergence, adults were sexed and kept in cages (30 × 30 × 30 cm) (MegaView Science Education Services Co. Ltd., Taiwan) at a sex ratio of 1:2 (male: female). They were supplied with honey droplets as food source and moist cotton. Parasitised larvae and adults of C. marginiventris were held until the experimental day in an incubator (E36L Percival, Perry, Iowa, USA) at 25
• C and 16 L : 8 D, whereas parasitised larvae and adults of M. rufiventris and C. sonorensis were held in the laboratory under ambient light and temperature conditions (19-24
• C).
Olfactometer set-up
The responses of females of the three parasitoids species C. marginiventris, M. rufiventris and C. sonorensis to volatile chemicals emitted by the three plant species maize, cotton and cowpea were investigated in the six-arm olfactometer described in . Three arms of the olfactometer had always only clean air and they were alternated with arms with the odour of either two maize seedlings, two cotton seedlings or two cowpea seedlings fed upon by 15 2nd instar S. littoralis larvae. For each replicate the odour sources were connected to a different arm, but always with one empty chamber between two chambers that contained two plants of one species. After an experimental day, all parts of the olfactometer were water washed and rinsed with acetone and hexane. The glass parts were then placed in a drying oven (250 • C) overnight.
Bioassay procedure
Parasitoid species were tested on separate days in a roughly random order, depending on availability of the wasps. On a given day, four groups of six wasps of one species were released one after the other in random order and choices made within each group were recorded 30 min after release. The four groups of wasps were the following: i) naïve females (no previous contact with hosts or plants); ii) females experienced with maize; iii) females experienced with cotton; and iv) females experienced with cowpea. The experience was given by letting a female parasitise two larvae in a plastic box (9.5 cm diam., 5 cm high) containing a leaf of one of the three plant species, which had been fed upon by 15 2nd instar S. littoralis larvae during one night. Within 20 min after six females had had such an experience, they were released in the olfactometer. After their choices had been recorded, the six wasps were removed just prior to the release of the next group. The sequence of the different groups of wasps released in the olfactometer was randomly changed for each replicate day (n = 12). It should be noted that in previous experiments we have tested for the possibility that individual females affect each other's choice, as described for C. marginiventris by . In none of the cases did we find such an effect but, interestingly, there is an interspecies interference (C. Tamò, 2006) . Even though we feel that we can rule out overdispersion due to interference between the wasps, our statistical analysis corrects for this possibility (see below). Statistical analyses of the olfactometer data were based on a log-linear model, but in comparison with the method described by the statistical analysis was improved by using a stochastic model developed specifically to allow for the significant overdispersion of the olfactometer data relative to that seen in a standard log-linear model. The new model takes into account the censored aspect of the data: some of the wasps did not make a choice within the given time for a release. The number of wasps choosing the ith arm (i = 1, . . . , 6) indicates the relative attractiveness of the corresponding odour source, which is parameterised by λ i . If only the odour source affects wasp choice, and this effect is the same for all wasp species and experiences, the corresponding model is:
where β p measures the attractiveness of either an empty arm or of the odour source in the ith arm.
As the results for C. marginiventris suggested a preference for an experienced odour, we adapted the model to assume that a wasp, which has already encountered a plant may subsequently be more attracted to this plant ( fig. 1A) :
where I (e = s · n) = 1 if the odour previously experienced is the same as the odour in the corresponding arm and I (e = s · n) = 0 otherwise; here e = experience, s = odour source, and n = naïve. The parameter γ describes the magnitude of this effect and will differ from zero when previous experience of an odour influences the wasps' attraction to this odour. A significant difference between the fits of models (1) and (2) would indicate that the wasps are indeed more attracted to an odour they previously experienced.
In order to assess whether experienced wasps will, independent from the odour they experienced, always prefer maize, as seemed to be the case for M. rufiventris ( fig. 1B) , we used the model:
log λ e,p = β p + γ I (e = n, s = m)
with m = maize odour. A significant difference between models (1) and (3) would suggest that experienced wasps always have a higher preference for maize than naive wasps. In all cases, we estimated the parameters by maximising the log-likelihood and compared the different models through likelihood ratio tests.
Volatile collections
During all experiments 50% of the air passing over the odour sources was pulled for 3 h through a trapping filter containing 25 mg of 80-100 mesh Super Q adsorbent (Alltech, Deerfield, Illinois) as described by . Immediately after each experiment, the volatiles collected on the filters were extracted with 150 µl of methylene chloride and two internal standards (n-octane and nonyl acetate, each 200 ng in 10 µl methylene chloride) were added to these extracts. The samples were either analysed immediately or stored at −70
• C for later analysis. They were analysed by gas chromatography and mass spectrometry as described by . The purpose of these collections and analyses was to confirm the presence of the typical caterpillar-induced odours for each of the three plant species during each of the experiments.
HP GC Chemstation software was used to quantify all major components by comparison to the known quantity of internal standards. A Kruskal-Wallis ANOVA on ranks and Tukey post-hoc test were used to compare the total quantities of collected volatiles among the plant species.
RESULTS
Wasp behaviour
All naïve and experienced parasitoid females showed a strong preference for the arms containing the odour of infested plants as compared to the control arms ( fig. 1 ). Naïve C. marginiventris females had no obvious preference for a particular plant odour and chose equally among the three species (P = 0.1). After experience, the majority of C. marginiventris females showed a significant preference for the odour that they had experienced (P < 0.001; fig. 1A ). In contrast, naïve M. rufiventris females tended to prefer the odour of S. littoralis-damaged maize plants and this preference for maize was greatly enhanced after experience, independently of the plant species used to train the females (P < 0.001; fig. 1B ). C. sonorensis females, whether naïve or experienced, did not show a preference for a particular plant odour produced by one of the three plant species attacked by S. littoralis larvae (P = 0.7; fig. 1C) .
A statistical comparison between the three species may be compromised by the fact that they were tested on different days and to different individual plants. However, as the order of the experiments was more or less random (depending on wasp availability) and there were many replications (12 per experience type, each with six wasps), a day or plant effect seems very unlikely. Moreover, the volatile collections revealed that there was no difference in what the plants emitted when the experimental days were compared for the three wasps species (see below). Using the log-linear model for comparison between the three species showed a highly significant difference (P < 0.001) in the effect of experience on responses among the three wasps.
Odour emissions
The analyses of the odours collected during the bioassays produced volatile profiles ( fig. 2A ) that were very similar to those collected in previous studies (Turlings and Wäckers, 2004) . The blends emitted by the three plants differed both in composition and quantity, all of them releasing typical green leafy volatile, but different blends of terpenoids and a few aromatic compounds ( fig. 2A) . The total quantity of produced volatiles was approximately four times higher for maize than for cotton, and about five times higher for cotton than for cowpea ( fig. 2B ) and these differences were highly significant (Two-way ANOVA, F 2,99 = 93.96; P < 0.001). Comparing between the collections obtained from the experiments with the three wasps species revealed no differences (Two-way ANOVA, F 2,99 = 0.257; P = 0.774), implying that they were exposed to similar odours. The quantitative differences between the three plant species were not reflected in the wasps' responses (compare figs 1, 2).
DISCUSSION
The ability of parasitoids to learn by association is well documented (Vet and Dicke, 1992; Turlings et al., 1993; Vet et al., 1995; Steidle and van Loon, 2003) and, according to Steidle and van Loon (2003) , is expected to occur mostly in parasitoids with a broad host range. Our comparison of three taxonomically different, but ecologically similar parasitoids shows that such a generality cannot be readily made. Despite similarities in their biology and host range, C. marginiventris, M. rufiventris, and C. sonorensis showed clear differences in how they exploit volatiles that may guide them to their hosts. A recent study on the antennal perception shows that all three perceive most of the volatiles that the plants emit (Guouinguené et al., 2005) , but obviously they use this information differently. The three wasps had somewhat similar innate responses, but their odour preferences were entirely different after experiencing a particular odour in association with successful ovipositions.
Naïve C. marginiventris and C. sonorensis chose equally among the induced odours of the three plants, whereas naïve M. rufiventris showed a slight preference for maize and cotton odours. After experience, C. marginiventris always preferred the odour of the plant species that they had experienced, very much in line with the "varying response model" proposed by . In contrast, experienced M. rufiventris increased its preference for maize odour, independently of the plant they had experienced, and C. sonorensis showed no change in its preference after experience.
(A) Figure 2 . A. Typical chromatographic profiles of the volatiles of the induced plants that were collected during the bio-assays. The labelled peaks are: 1, (Z)-3-hexenal; 2, (E)-2-hexenal; 3, (Z)-3-hexenol; 4, (Z)-3-hexenyl acetate; 5, linalool; 6, (E)-4,8-dimethyl-1,3,7-nonatriene; 7, indole; 8, methyl anthranilate; 9, geranyl acetate; 10, (E)-β-caryophyllene; 11, (E)-α-bergamotene; 12, (E)-β-farnesene; 13, (E,E)-α-farnesene; 14, nerolidol; 15, (E,E)-4,8,12-trimethyl-1,3,7, 11-tridecatetraene; 16, α-pinene; 17, β-pinene; 18 , (E)-β-ocimene. Two internal standards, noctane and nonyl-acetate, are labelled with IS1 and IS2, respectively. B. The average total amounts of volatiles collected for the three plant species for all experiments. The letters indicate significant differences between the plants.
Thus, C. marginiventris showed a clear ability of associative learning, increasing its responsiveness to the odour of the plant-host complex it experienced, as has been observed in previous studies (Turlings et al., 1989 (Turlings et al., , 1993 . Additional studies now show that this parasitoid innately responds to plant volatiles that are associated with fresh leaf damage (Hoballah and Turlings, 2005) and not to the truly induced volatiles such as the terpenoids that the plants release only several hours after initial caterpillar attack (D'Alessandro and Turlings, 2005a) . The response to the typically induced volatiles apparently only occurs after C. marginiventris females have associated such volatiles with the presence of hosts (Hoballah and Turlings, 2005) . This should allow a newly emerged wasp to first explore damaged plants of various species for host presence and after successful host location focus its search efforts on the most profitable plant species.
Apparently, M. rufiventris and C. sonorensis follow different strategies. Experienced M. rufiventris females appear to use cues that are closely associated with the host rather than the general plant volatile blend. This is evident from studies whereby naïve females were observed to be strongly attracted to artificially induced maize odours, but after an oviposition experience in the presence of a natural herbivore-induced maize odour blend, their response to the artificially induced blend was much lower and they strongly prefer the natural odour of plants under attack by caterpillars (Hoballah and Turlings, 2005; Tamò, 2005) . If indeed they learn to respond to cues that come directly from the host or its by-products (which are missing from the emissions of artificially induced plants) it could be that these host-related cues are best perceived from hosts on maize plants. It should be noted that of the three species tested, M. rufiventris appears to have the most restricted host range. To our knowledge only seven host species have been reported for M. rufiventris (El-Minshawy, 1963; Hammad et al., 1965; Gerling, 1969; Abou Zeid et al., 1978) , but this species has been relatively poorly studied and a broader host range is likely. Nevertheless, it could be considered more of a specialist than the other two, which could explain a more specific use of host location cues (Vet and Dicke, 1992; Steidle and van Loon, 2003) . However, more specialized species of the same genus have been shown to be very good learners (Drost et al., 1986; Hérard et al., 1988; Lewis et al., 1991; Murray and Rynne, 1994) .
C. sonorensis, on the other hand, is, like C. marginiventris, an extreme generalist (Lingren et al., 1970) , and the fact that its responses were not affected by experience is therefore in clear contrast to the expected use of learning by generalists. It remains possible that this wasp changes it preferences after more or different types of experiences, or that the absence of an effect is a particularity of the specific strain we used. However, the lack of change in the preference of C. sonorensis after experience is consistent with an earlier study by McAuslane et al. (1991) , who used an entirely different strain. We cannot rhyme this behaviour with the expected behavioural flexibility in generalists. One could speculate that C. sonorensis uses very common plant cues that are nevertheless reliably associated with caterpillar presence. Further studies will have to be conducted with manipulated odour blends to pinpoint the volatile cues this species actually uses.
The analysis of the volatiles collected during the bioassays show that the induced volatiles produced by the three plant species differed both in quantity and in composition. The total amount of produced volatiles was approximately four times higher for maize than for cotton, and about five times higher for cotton than for cowpea ( fig. 2B) , and the composition of the blends clearly differed among plant species ( fig. 2A ). As already found by Hoballah et al. (2002) , both quantity and composition of the odours affects the response of C. marginiventris females. If only the quantity had played a role, than the majority of the females of each species should have chosen the arms containing maize plants. M. rufiventris indeed showed a preference for maize volatiles, However, the above mentioned previous experiments (Hoballah and Turlings, 2005; Tamò, 2005) indicate a more complicated effect of experience, whereby it appears that the females increase their responsiveness to cues that are directly related to the host. If this is indeed the case, the observed preference for maize could be due to more of these cues being produced by the host on this plant. The preference for maize in M. rufiventris cannot be explained by the origin of the strain used for the experiments, as our lab colony originated from cotton fields in Egypt and host presence and natural parasitisation rates are high on cotton (Hegazi et al., 1973; Ibrahim and Tawfik, 1975) .
The considerable differences in responses to host-induced plant odours observed here imply that we cannot readily generalise about how parasitoids have evolved to optimise host microhabitat location. The studied wasps have comparable host ranges and life cycles, but showed considerable differences in how experiences affected their responses to the odours of host-infested plants. This confirms the notion of Steidle and van Loon (2003) that the expectation that generalist parasitoids make use of associatively learning, and that specialists exhibit genetically fixed responses, does not always hold true. Our knowledge on parasitoid host foraging strategies is also largely hampered by the fact that little is known about which compounds are the key attractants in the complex plant-produced blends. Novel behavioral, chemical and molecular techniques may help to resolve this gap in our knowledge (Degenhardt et al., 2003; D'Alessandro and Turlings, 2006b ).
